Louisiana State University

LSU Digital Commons
Faculty Publications

Department of Geology and Geophysics

11-1-2019

Late Pleistocene site formation and paleoclimate at Lapa do
Picareiro, Portugal
Michael M. Benedetti
University of North Carolina Wilmington

Jonathan A. Haws
University of Louisville

Nuno F. Bicho
Universidade do Algarve

Lukas Friedl
Universidade do Algarve

Brooks B. Ellwood
Louisiana State University

Follow this and additional works at: https://digitalcommons.lsu.edu/geo_pubs

Recommended Citation
Benedetti, M., Haws, J., Bicho, N., Friedl, L., & Ellwood, B. (2019). Late Pleistocene site formation and
paleoclimate at Lapa do Picareiro, Portugal. Geoarchaeology, 34 (6), 698-726. https://doi.org/10.1002/
gea.21735

This Article is brought to you for free and open access by the Department of Geology and Geophysics at LSU Digital
Commons. It has been accepted for inclusion in Faculty Publications by an authorized administrator of LSU Digital
Commons. For more information, please contact ir@lsu.edu.

Author Manuscript

Michael Benedetti

ORCID iD: 0000-0002-2900-887X

Late Pleistocene site formation and paleoclimate at Lapa do
Picareiro, Portugal
Michael M. Benedetti 1, 4 *, Jonathan A. Haws 2, 4, Nuno F. Bicho 3, 4, Lukas Friedl 5,
and Brooks B. Ellwood 6
1

Department of Earth and Ocean Sciences, University of North Carolina Wilmington, Wilmington NC

28403, USA.
2

Department of Anthropology, University of Louisville, Louisville KY 40292, USA.

3

FCHS, Universidade do Algarve, Campus de Gambelas, 8005-139 Faro, Portugal.

4

ICArEHB, Universidade do Algarve, Campus de Gambelas, 8005-139 Faro, Portugal.

5

Department of Anthropology, University of West Bohemia, 30614 Plzen, Czech Republic.

6

Department of Geology and Geophysics, Louisiana State University, Baton Rouge LA, 70803, USA

Abstract
The cave site of Lapa do Picareiro, Portugal contains a deep (~10 m) sedimentary
sequence representing much of the Middle and Upper Paleolithic, with abundant animal
bones, lithic/bone/shell artifacts, and charcoal/ash in hearths. A deposition model based
on 49 radiocarbon ages demonstrates average sedimentation rates of 0.1-0.3 mm a-1
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between 9-45 ka. Extrapolation suggests an age at the base of the excavation of 65-78 ka.
The cave sediments are primarily limestone éboulis derived from roof spalling, and
muddy fine sediment derived from weathered soil infiltrating through bedrock joints and
crevices. Bone preservation in the cave is good and disturbance by bioturbation,
dissolution, or erosional processes appears to be limited. Most sedimentological
parameters vary conservatively with depth, indicating stable sediment sources over time.
Several parameters show good agreement with paleoclimate records over the
radiocarbon-dated section. The cold-arid Heinrich stadials are represented by coarse clast
beds with little fine sediment and magnetic susceptibility minima, and mild Greenland
interstadials correspond with muddy beds and sharp peaks in magnetic susceptibility.
This study complements ongoing archaeological excavation at the site and confirms that
the sequence has the proper age, resolution, and preservation to inform on Late
Pleistocene cultural and climatic transitions.
Key Words: caves, paleoclimate, site formation, Paleolithic, Iberia
INTRODUCTION
Sedimentary deposits in caves and rockshelters are central to our understanding of
human prehistory. Although caves represent only a fraction of the landscapes occupied
by prehistoric humans, under the proper conditions they offer long-term preservation of
valuable paleoenvironmental information in stratified sedimentary archives. The study of
karstic sediments as environmental archives has a strong tradition in geoarchaeology,
beginning with seminal works of the last century and advanced by developments in both
methodology and theory (e.g., Colcutt, 1979; Laville et al., 1980; Farrand, 1988; Gamble,
1986; Bar-Yosef et al., 1992; Karkanas et al., 2000; Woodward & Goldberg, 2001;
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Ellwood et al., 2004; Goldberg & Sherwood, 2006). Recent geoarchaeological research in
caves employs state-of-the-art dating techniques, isotope geochemistry,
micromorphology and spectroscopy to interpret site formation processes over timescales
from hundreds of years to hundreds of millennia (e.g., Courty & Vallverdu, 2001;
Woodward et al., 2001; Berger et al., 2008; Shahack-Gross et al., 2008; Angelucci &
Zilhão, 2009; Aldeias et al., 2010; Gopher et al., 2010; Karkanas & Goldberg, 2010;
Mallol et al., 2010; Goldberg et al., 2012; Wood et al., 2014; Arriolabengoa et al., 2015;
Domingo et al., 2015; Skaberne et al., 2015; Sanudo et al., 2016).
While caves and rockshelters offer certain natural advantages for
paleoenvironmental reconstruction, such studies are complicated by the nonlinear
response of karst systems to climate change. Sedimentary processes in caves are driven
by allogenic factors such as regional climate and vegetation, and autogenic factors such
as bedrock lithology and development of karst conduits. Climate change simultaneously
initiates allogenic and autogenic adjustments, making these causes difficult to untangle
without independent evidence from other paleoenvironmental proxies. The situation is
further complicated in caves occupied by prehistoric humans, where an observed pattern
of human activity (e.g., artifacts) may or may not represent responses to environmental
change, and people themselves may serve as a cause of environmental change. Cavederived records of environmental change and human activity are often incomplete or
altered by diagenesis, which itself may be influenced by natural or anthropogenic factors.
These relationships complicate geoarchaeological studies in caves, whether the goal is to
derive paleoclimate records from sediments, to reconstruct site formation processes, or to
infer human activities from archaeological evidence.
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For the Paleolithic of the Iberian Peninsula, much of the dated lithic industry and
virtually all of the human remains are known from cave and rockshelter sites such as
Gorham’s and Vanguard Caves (Macphail & Goldberg, 2000), Atapuerca (Bermúdez de
Castro et al., 2004), El Mirón (Carretero et al., 2015), El Sidrón (Rosas et al., 2006;
Lalueza Fox et al., 2012), Cueva del Esquilleu (Preysler et al., 2012), El Castillo
(Bernaldo de Quiros et al., 2014), the Almonda cave network (Trinkaus et al., 2007;
Angelucci & Zilhão, 2009; Daura et al., 2017), Vale Boi (Bicho et al., 2013), and many
others (Butzer, 1981; Duarte et al., 1999; Zilhão et al., 2010; Carbonell, 2012; de la Torre
et al., 2013; Zilhão et al., 2016; Zilhão et al., 2017;Trinkaus & Walker, 2017). Iberian
cave and rockshelter sites play an important role in a number of contemporary debates in
Paleolithic Geoarchaeology, including the emergence of coastal adaptations and
settlement (Bicho & Haws, 2008; Finlayson, 2008; Stringer et al., 2008; Haws et al.,
2010; Marean, 2014), the impacts of paleoenvironmental fluctuations on cultural
transitions (Naughton et al., 2009; Bicho et al., 2011; Mallol et al., 2012; Moreno et al.,
2012; Schmidt et al., 2012; Bicho et al., 2017), and the causes of Neanderthal decline and
replacement by Modern Human populations (Straus et al., 2000; Bicho, 2005; Finlayson
et al., 2006; Finlayson & Carrion, 2007; Tzedakis et al., 2007; Zilhão et al., 2010; Aubry
et al., 2011; Jimenez-Espejo et al., 2013; Wood et al., 2013; Galvan et al., 2014; Higham
et al., 2014; Polo-Diaz et al., 2016; Mora et al., 2018; Marin-Arroyo et al., 2018). Iberia
has many favorable characteristics for supporting cave-based studies of Paleolithic
human-environment interactions, including several large limestone provinces, a climatesensitive location between the Eurosiberian and Mediterranean ecosystems, and excellent
paleoenvironmental proxy records from offshore sediment cores (Turon et al., 2003;
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Roucoux et al., 2005; Vautravers & Shackleton, 2006; Garcia-Amorena et al., 2007;
Sanchez Goñi et al., 2008; Fletcher et al., 2010; Gonzalez-Samperiz et al., 2010;
Salgueiro et al., 2010).
Unfortunately, many Iberian cave sequences are hindered by poor age control and
stratigraphic resolution, especially at sites that define key transitions in the Paleolithic.
Late Pleistocene climate fluctuations caused impacts that either changed the conditions
under which Paleolithic populations acted, or destroyed archaeological evidence of those
populations, or both. Such climate-driven impacts include shifting flora and fauna
(Carrión & Leroy, 2010; Fletcher et al., 2010; Haws, 2012; Blain et al., 2013; Straus,
2013; Domingo et al., 2015), rapid changes in human population dynamics and
settlement patterns (Finlayson & Giles Pacheco, 2000; Zilhão, 2000; Brädtmoller et al.,
2012; Schmidt et al., 2012; Bicho et al., 2017; Cucart-Mora et al., 2018), and changes in
the availability of abiotic resources (Pereira & Benedetti, 2013). Most notably, Heinrich
stadial 4 (HS4; roughly 38-40 ka) has been cited as a cold/arid episode that drastically
altered environmental conditions, playing a possible role in Neanderthal extinction but
also causing geological impacts that obscured evidence of the Middle to Upper
Paleolithic transition (Finlayson & Giles Pacheco, 2000; d’Errico & Sanchez-Goñi, 2003;
Zilhão, 2006; Aubry et al., 2011; Bradtmöller et al., 2012; Mallol et al., 2012; Schmidt et
al., 2012). Other authors have highlighted the difficulties with establishing reliable
radiocarbon chronologies to address cultural transitions in the Paleolithic (Blockley et al.,
2008; Joris & Street, 2008; Higham, 2011; Morley & Woodward, 2011; Wood et al.,
2013; Banks, 2015; Douka & Higham, 2017). These studies demonstrate that further
progress in the Iberian Paleolithic depends on discoveries from new high-resolution sites
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with stratigraphic integrity, firm age control, and correlations with existing land and
ocean based proxies.
This paper reports on sedimentological studies that complement the ongoing
archaeological excavation of Lapa do Picareiro (Picareiro Cave) near Fátima, Portugal.
The cave contains a Late Pleistocene sedimentary sequence representing much of the
Middle and Upper Paleolithic, recording evidence of changing human populations, lithic
industries, paleoenvironments, and faunal communities. The data presented here are
based on field observations and mapping, radiocarbon ages, and analysis of particle size,
composition, magnetic susceptibility, elemental geochemistry, and stable isotope ratios.
The primary goals of this paper are to (i) establish a chronology of site formation for
Lapa do Picareiro, (ii) shed light on modes of deposition for various components of the
sedimentary fill of the cave, and (iii) assess the value of evidence from Lapa do Picareiro
for paleoenvironmental reconstruction and correlation with other regional paleoclimate
proxies. These results help to demonstrate the stratigraphic integrity and completeness of
the site and develop a geological framework for ongoing archaeological and
archaeofaunal studies.
LAPA DO PICAREIRO – ENVIRONMENTAL AND ARCHAEOLOGICAL
CONTEXT
Lapa do Picareiro is located at 570 msl on the west-facing slope of Serra de Aire,
a limestone massif north of the Tagus River valley, about 100 km northeast of Lisbon,
Portugal (Figure 1). The massif is underlain by the Serra de Aire Formation, a thicklybedded, micritic limestone of Middle Jurassic age (Carvalho et al., 2011). Serra de Aire is
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part of a large limestone province in west-central Portugal (Maciço Calcário Estremenho)
that includes many well-known caves and rockshelters, some of which contain important
Paleolithic archaeological sites such as Buraca Escura (Aubry et al., 2001), Buraca
Grande (Aubry et al., 1997), Lapa do Anecrial (Almeida et al., 2007), and Lagar Velho
(Zilhão & Almeida, 2002; Almeida et al., 2009). Two other large cave systems lie in the
immediate vicinity of Serra de Aire: the archaeologically-sterile Grutas da Mira de Aire,
and the Almonda karst system. Almonda contains several important Middle and Late
Pleistocene sites including Galeria Pesada (Gruta da Aroeira) and Gruta da Oliveira, both
with human remains, and Lapa dos Coelhos (Marks et al., 2002; Trinkaus et al., 2007;
Angelucci & Zilhão, 2009; Hoffmann et al., 2013; Daura et al., 2017).
Serra de Aire has a Mediterranean climate with warm dry summers and cool wet
winters. The nearby city of Fátima has a mean annual temperature of 14.6 C and
precipitation around 920 mm a-1 (Cunha et al., 2011). The west-facing mountain summit
location of Lapa do Picareiro increases its exposure to strong winds and cold
temperatures relative to the surrounding valleys. Modern vegetation includes a mosaic of
evergreen oak thickets and dense maquis of aromatic shrubs and herbs (Costa et al.,
2010). Soils formed on limestone in this region are of the “Red Mediterranean” variety of
terra rossa (Dudal et al., 1966), and qualify as Haploxeralfs or Haploxerepts according to
US Soil Taxonomy (Soil Survey Staff, 1999). Paleoenvironmental studies show that
during the last glacial stage much of Portugal alternated between periods of increasing
temperate forest cover during humid interstadials, and increasing dry grassland or steppe
during cold and arid stadials (Sanchez-Goñi et al., 2008; Fletcher et al., 2010). Snow and
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frost are infrequent in the modern climate, but were presumably common during the
Pleistocene.
The interior of Lapa do Picareiro is a large chamber, about 11 m x 14 m with a
wide mouth opening to the northwest and several narrow side passages in the interior
walls (Figures 2 & 3). The cave has most of the properties of a passive karst setting
(sensu Woodward & Goldberg, 2001): little or no vegetation growth, no flowing water,
lack of obvious links to internal karst conduits, and limited chemical diagenesis. Active
karst properties include localized precipitation of secondary carbonates and evidence for
fine sediment infiltration through bedrock joints and crevices. The cave appears to have a
simple epigenic origin, formed by diffuse infiltration of meteoric water through the
overlying bedrock leading to dissolution of the main chamber and roof collapse to form
the cave entrance. The cave also fits the definition of an aging chamber cave (sensu
Frumkin et al., 2009), with more than 10 m of coarse sedimentary fill in inclined beds
derived from roof collapse, gravity flows, and fine sediment infiltration. A cone of large
limestone blocks below the dripline nearly filled the cave opening (Bicho et al., 2006),
while sediments inside the main chamber consist of angular limestone clasts (éboulis) in
a matrix of fine sediment (dominantly silt and clay).
Archaeological studies at Picareiro since 1994 have uncovered a rich variety of
lithic artifacts and faunal remains. Previously published data from this work include
magnetic susceptibility measurements, radiocarbon ages, analysis of faunal and lithic
assemblages, and site stratigraphy for the Upper Paleolithic levels (Hockett & Bicho,
2000; Ellwood et al., 2001; Bicho et al., 2000; 2006; Hockett & Haws, 2002, 2009;
Haws, 2012; Benedetti & Haws, 2016; Haws et al., 2018). Through 2017, more than 120
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m2 units have been opened and 40 stratigraphic levels (A through NN) have been
identified to a depth of more than 10 meters (Figures 4 & 5). Bone, shell, and charcoal
preservation in the cave sediments is very good. Many thousands of bones have been
recovered, predominantly rabbit and red deer with lesser frequencies of wild boar, ibex,
horse, auroch, and chamois. Fauna also include abundant bird, amphibian, and fish
remains.
The Paleolithic archaeological findings at Lapa do Picareiro occupy two main
areas: (i) a thick sequence of Middle to Upper Paleolithic occupations in the main
excavation area of the main chamber (centered on units E7-F8, Figure 5), and (ii) Upper
Paleolithic occupations found in a niche in the rear wall (units XX9-ZZ11, Figure 5).
Additional Epipaleolithic, Neolithic, and Bronze Age occupations were found in
disturbed sediments near the cave entrance (Bicho et al., 2006), but these levels were not
sampled as part of the present study. The dominant Upper Paleolithic feature discovered
in the main excavation area is a large Magdalenian hearth in level F (Figure 2e), rich in
lithics and modified faunal remains, from which Bicho et al. (2006) concluded the site
was used mainly for butchering and cooking animal carcasses. A series of stacked hearths
in the niche area date to the Magdalenian, Solutrean, proto-Solutrean, and Terminal
Gravettian. Magdalenian levels in the niche area (I, J, K, L) contained pointed/incised
bone tools, chert blades and bladelets, and abundant ungulate and rabbit remains (Figure
6). The Solutrean levels (N, O, R, S, and upper part of T) contained bifacial points,
perforated shell, bone points, and an eyed bone needle. The middle portion of level T
contained several small hearth features with associated chert blanks, consistent with a
Proto-Solutrean industry (as discussed in Zilhao, 2013; Cascalheira & Bicho, 2015),
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along with bone tools and marine shell pendants. The Terminal Gravettian assemblage
(lower level T and U) consists of quartz and chert bladelets, bone tools, and perforated
red deer canine teeth. Deeper layers of the main excavation area contain a Gravettianaged lithic assemblage (levels V, W, X) dominated by quartzite flakes associated with
dispersed charcoal and abundant fauna, including extremely rich concentrations of small
animal bones (Haws, 2012). Large mammal bones in these levels display both intentional
breakage and cutmarks by humans, and tooth punctures and scoring attributed to larger
predators including lynx. Early Upper Paleolithic flake and blade industries occur in the
back of the cave in levels BB, DD, and FF to II. This includes large chert flakes and
blades in levels BB and DD, quartz and quartzite flakes in level FF, and a diagnostic
Aurignacian chert bladelet assemblage in levels GG-HH-II (Haws et al., 2018). In the
main excavation area, Level FF contains a flake core, sidescraper, and several
undiagnostic flakes. Level JJ contains the youngest definitive Middle Paleolithic
occupation, with discoidal flakes occurring in several dark layers that also contain
abundant charcoal and fauna. Only 2 m2 units have been excavated into the deepest levels
(KK-NN); these contain some small animal bones but no artifacts to this point.
Collectively, the archaeological evidence at Picareiro demonstrates periodic but
increasing human use of the cave beginning in the Middle Paleolithic and continuing
through the Upper Paleolithic to a climax in the Magdalenian.
METHODS
The archaeological excavation at Lapa do Picareiro follows a traditional 1m x 1m
grid system. Stratigraphic levels have been assigned during excavation on the basis of
changes in clast size, color, mud content, firmness, and bone or charcoal concentrations.
This article is protected by copyright. All rights reserved.
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The 40 levels identified to date are divided here into 5 stratigraphic zones (similar to
facies associations) based on macroscopic field and laboratory sedimentological
properties. Mapping of stratigraphic levels, artifacts, features, and cave morphology have
been achieved by 3D plotting with a total station and complemented by annual terrestrial
laser scanning of the cave and its surroundings. Elevations in and around the cave are tied
to a vertical datum (571 m above sea level) that was established slightly above the
original sediment surface. Elevation data presented in this paper are reported relative to
this level as mbd (meters below datum).
For geoarchaeological analyses, sediment samples were collected at
approximately 10 cm depth intervals from the top of the section in two stepped reference
profiles (locations shown in Figures 4 & 5) over several field seasons. Most data in this
study were collected from reference profile 1 near the rear wall of the main excavation
area, extending from level D to NN (0.87-10.20 mbd). Additional samples were collected
along the north wall of the main excavation area in reference profile 2, extending from
level L to MM (2.80-9.38 mbd). The second profile was established to help characterize
changes in the sedimentary strata with distance from the mouth of the cave. The 10 cm
sampling interval was the finest resolution practical without disrupting the archaeological
profiles, given that most beds contain very little fine sediment. Additional targeted bulk
samples were collected from cemented layers, blocks of in situ limestone bedrock,
weathered limestone clasts in the sedimentary fill, fine sediment filling cracks in the cave
wall, and soil pits described on the surface outside the cave.
Field description of the reference profiles included bed thickness, strike/dip,
color, hardness, percent éboulis (clasts >2 mm long axis) versus fine sediment matrix,
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clast size and roundness. We used two techniques to characterize éboulis clast size. First,
to characterize typical clast sizes we assigned a modal clast size category (very small to
very large) to each level during excavation. Second, to more precisely characterize the
finely-bedded coarse and fine éboulis layers, we measured the long axis of the largest 5
éboulis clasts visible in each 10 cm depth horizon of a 1 m wide profile wall. We then
calculated the mean size of these clasts, a result referred to below as mean large clast size
(in mm). This method allowed for a relatively fast and non-invasive means of
representing clast size variations at the two reference profiles. Large boulders (long axis
>500 mm) were not encountered in the immediate area of the reference profiles, except in
the very deepest level (NN). Levels with significant boulder concentrations elsewhere in
the cave were noted and mapped throughout the excavation.
Sedimentological analyses were completed on the <2 mm fraction of the profile
samples at the UNC Wilmington Soils & Sedimentology Laboratory. Particle size was
measured by laser diffraction (Beckman Coulter LS 13320) on samples that had been
pretreated with 30% hydrogen peroxide to remove organic matter and dispersed in
sodium metaphosphate. Organic matter and carbonate content (weight %) were estimated
for both profiles by loss on ignition (LOI) in a muffle furnace at 2.5 hr at 550 C for
organic matter, and 4 hr at 950 C for carbonates. Stable isotopes (δ13C and δ15N), along
with organic carbon and nitrogen concentrations, were measured for profile 1 samples by
mass spectrometer (Thermo Scientific DELTA V Plus) coupled with an elemental
analyzer at the UNC Wilmington Isotope Ratio Mass Spectrometry Facility. The isotope
samples were pretreated in a 10% HCl bath and rinsed at least 3 times to remove
secondary carbonates prior to analysis, and repeated analyses of USGS standards were
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employed to ensure high precision (see Lane et al., 2009). Although organic matter was
limited in some parts of the profile, all samples analyzed had readily measurable
concentrations of organic carbon (0.16 to 19.62%) and nitrogen (0.03 to 0.55%) and thus
produced reliable isotope ratios. Samples from both profiles were also analyzed for
lithogeochemistry by inductively coupled plasma optical emission spectrometry (ICPOES) at Activation Laboratories Ltd. in Ancaster, Canada. This analysis provided
concentration data for 10 major earth compounds (SiO2, Fe2O3, Al2O3, CaO, MnO, MgO,
TiO2, Na2O, K2O, P2O5 in weight %) and 7 trace elements (Ba, Sr, Y, Sc, Zr, Be, V in
ppm). Less-abundant compounds and elements are reported here as ratios standardized to
the concentration of TiO2 (MnO/TiO2, P2O5/TiO2, Zr/TiO2, Sr/TiO2) to reduce the
dilution effect in levels that are strongly enriched in secondary carbonates.
A parallel set of samples were collected adjacent to reference profile 1 for
magnetic susceptibility (MS) analysis. These samples were collected beginning in 2000,
and continuing as the excavation was deepened. For this analysis, approximately 8 cm2 of
fine sediment was collected in plastic boxes to standardize sample size and exclude large
limestone clasts. Most of the profile was sampled at 2 cm depth intervals, although the
interval is greater (up to 5 cm) in strata containing very little fine sediment. One 30-cm
thick bed consisting almost entirely of coarse clasts (level J) was not sampled. While the
bulk samples from reference profile 1 extend to 10.20 mbd, the MS sampling profile
extends to the base of the deepest excavation at 10.62 mbd. MS was measured using the
susceptibility bridge at Louisiana State University, described in Ellwood et al. (1998).
Data from the early sampling campaign were published in Ellwood et al. (2001), which
also describes the analytical procedures used, discusses the interpretation of MS in cave

This article is protected by copyright. All rights reserved.

Author Manuscript

settings, and compares the magnetic stratigraphy of several cave sequences across
Mediterranean Europe.
Age control for sedimentary sequence at Lapa do Picareiro comes from
radiocarbon dating of 56 samples of charcoal and bone (Table 1). These samples were
collected to establish the age of archaeological features and stratigraphic levels
throughout the excavation. Depths were mostly measured in situ during excavation,
except for bulk charcoal samples collected from excavation spits which are associated
with a 5-10 cm depth range. Most of the radiocarbon samples were collected in the main
excavation area between rows 5 to 9 and rows B to G (Figure 5). Every sample below
level X was collected from the main excavation area. The samples were analyzed at three
different radiocarbon laboratories as the excavation progressed (Waikato Radiocarbon
Dating Lab, University of Georgia Center for Applied isotope Studies, and Beta Analytic,
Inc.). The bone samples analyzed most recently at Waikato have been treated by the welldocumented ultrafiltration method that reduces potential contamination and provides
more accurate age determinations (Bronk Ramsey et al., 2004; Talamo et al. 2013). These
samples contain 37-45% organic carbon and have C:N ratios within the range of 3.0-3.5,
indicating good preservation of bone collagen (Table 1). Other samples have received
more traditional sample treatments such as the acid-base-acid method for charcoal (Brock
et al., 2010).
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RESULTS
Field Descriptors
The sedimentary fill of Lapa do Picareiro is primarily composed of limestone
éboulis clasts in a matrix of grayish to reddish-brown muddy fine sediment (Figure 2d-e).
In the main excavation area that is the focus of this study, bedding alternates between
muddy levels with 20-40% fine sediment and gravelly beds with little or no fine sediment
(Table 2). Boundaries between the beds are gradual and smooth, with little or no evidence
for erosional unconformities or post-depositional disturbance. Most beds are clastsupported, and virtually all clasts (small éboulis to boulders) are angular to subangular,
with roughly equidimensional to slightly elongated shapes showing very little evidence of
post-depositional weathering. Clast size is moderately well-sorted within each level and
tends to alternate between coarse-clast and fine-clast levels, indicative of periodic
variations in the weathering environment. The beds dip gently eastward away from the
cave mouth and have a slight upward concavity, while the clast size within each bed
tends to decrease toward the rear of the cave. Although not prevalent, some muddy beds
contain large clasts floating within a fine matrix and imbricated clasts suggesting
mobilization by small-scale debris flows (Karkanas & Goldberg, 2016). Dip
measurements on coarse beds in the vicinity of reference profile 2 show that the upper
beds dip more steeply into the cave (levels N, P, T; 10-12o inclination) than the lower
beds (levels V, Y, BB, GG; 2-4o), consistent with a ramp of éboulis prograding toward
the back of the cave over time. Large boulders are scattered sporadically throughout the
sedimentary fill, but are concentrated in a rockfall cone beneath the cave entrance, where
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randomly-oriented blocks have accumulated after detaching from an exposed bedrock
dipslope above the cave opening (Figures 2 & 3).
Sediments near the cave mouth are darker and more organic rich than sediments
in the cave interior, and show moderate to strong evidence of bioturbation by burrowing
animals and plant roots. Most of the burrowing appears to be related to small fauna
including rabbits, mice, moles, and insects. Large burrowing animals (such as badger or
hyena) are known from Pleistocene assemblages in the region but have not been
identified at Picareiro. Sediments inside the main chamber, where the reference profile
samples were collected and where most archaeological evidence has been recovered,
have smaller clast sizes with more uniform bedding. Most concentrations of charcoal,
lithic artifacts, and bones excavated in the cave interior are thin, discrete lenses,
suggesting very little diffusion by frost processes or bioturbation. Minor exceptions occur
along the walls of the cave interior, where organic debris is often mixed with older
sediments in thin (<20 cm) burrowed horizons.
The few speleothems found in Lapa do Picareiro are restricted to small
stalactites/stalagmites and flowstone attached to the back wall of the cave. Cemented
layers of sediment are common along the walls, where breccia of éboulis clasts and mud
are indurated by carbonate cement. One notable exception is level GG, an extremely hard
bed of large éboulis clasts and mud cemented by sparry calcite, which extends across the
center of the main chamber. This level has a gentle dip of about 2-3o to the east and a
variable thickness of approx. 15-40 cm where it is exposed in the deeper parts of the
excavation. Levels HH-II represent the irregular lower parts of the hardpan, with HH an
uncemented lens of muddy éboulis in between the firmly cemented levels GG and II
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(Table 2). Toward the cave opening (rows G and H), the cemented layer thickens and
continues intermittently above GG into level BB.
The concentration of faunal remains and human artifacts in the sedimentary fill is
quite variable between levels and also between locations in the cave (Table 2). Bone
preservation is good throughout the cave sequence but bones are most abundant in the
rear of the cave. The faunal assemblage is described in detail elsewhere (Hockett, 1999;
Hockett & Bicho, 2000; Hockett & Haws, 2002, 2009; Bicho et al., 2006; Haws, 2012).
The large bones mostly include mammals such as red deer, ibex, horse, wild boar, and
lynx, while the small bones are dominantly rabbits, birds, micromammals and
amphibians. Levels T through X contain a superabundance of small animal bones in
dense clusters that are likely associated with lynx or raptor predation. Most evidence of
Paleolithic human occupation is also concentrated toward the rear of the cave. A series of
prominent Magdalenian hearths, the largest of which was more than 2.5 m diameter and
40 cm thick (Bicho et al., 2006), dominate the sediments in zone 1 which are rich in
charcoal, ash, and crushed bone fragments. The large prepared hearth and associated
features are the only areas where human activity appears to have significantly disturbed
the sedimentary sequence. Human activity is otherwise limited to thin ephemeral hearths,
typically represented by a few pieces of charcoal scattered amongst the éboulis clasts, and
sporadic concentrations of artifacts, sometimes in association with modified animal
remains. These modest human occupations appear to have alternated with periods of
faunal occupation throughout the Pleistocene, with a trend toward more intensive human
presence at the end of the Upper Paleolithic.
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Radiocarbon Chronology
The 56 radiocarbon ages presented in Table 1 provide evidence for steady
aggradation of the sedimentary surface in the cave between 9-45 ka. The samples show
generally good age agreement within each level, and the levels maintain stratigraphic
position with respect to age. A composite age-depth model was constructed from these
ages to estimate sedimentation rates through time and to extrapolate approximate ages for
undated deeper levels (Figure 7). Prior to modeling, seven of the 56 ages were rejected as
being clearly too young for their depth below datum. We assume that these samples were
contaminated by younger carbon infiltrating through large interstitial spaces from
overlying horizons, as proposed by Bicho et al. (2006). After excluding outliers, a
LOWESS smoothing technique was used to fit sample ages (±2σ cal age midpoint) to
sample depths. The smoothing function employs weighted linear regression to assign an
age to each 1 cm depth interval, based on a smoothing parameter of 0.25 and a tri-cubic
weighting function. The result is a realistic age-depth model with residual errors typically
less than ±1000 years (RMSE = 926 years). In contrast, all of the ages that were rejected
as outliers fall at least 7,500 years below the trend line. The relatively small non-outlier
errors are mainly due to the composite nature of the data set, where samples of similar
age may lie at different depths due to the topography of the bedding. Thus the deposition
model in Figure 7 represents spatially-averaged and smoothed aggradation for the cave
sequence as a whole, although it is particularly tuned to the main excavation area where
most samples were collected.
Based on the deposition model, average sedimentation rates show a near doubling
for zones 1 and 2 (0.23-0.27 mm a-1) compared to zones 3 and 4 (0.14-0.15 mm a-1)
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(Figure 7). Shorter-term sedimentation rates calculated over 2000-year intervals vary
between 0.09-0.33 mm a-1. The sedimentation rate increases toward the top of the section,
with accelerations occurring near the base of both zones 1 and 2. By contrast, the
sedimentation rate appears to be fairly steady throughout zones 3 and 4 at the bottom of
the radiocarbon-dated sequence.
Linear extrapolation below the radiocarbon-dated levels, extending the
sedimentation rate that prevails in zones 3 and 4 to the base of the excavation, yields an
estimated age of 65.0 ka at a depth of 10.62 mbd (Figure 7, scenario a). An alternate
model for zone 5, based on extrapolation and tuning to the NGRIP ice core record,
suggests an older basal age of 77.8 ka (Figure 7, scenario b). These scenarios are
discussed in more detail below.
Sediment Texture
Éboulis clasts in the coarse pebble (20-75 mm), cobble (75-200 mm), and boulder
(>200 mm) size ranges make up a majority (60-98% by volume) of every stratigraphic
level encountered in the cave. Mean large clast measurements at the reference profiles
(Figure 8) show periodic depth fluctuations, consistent with the modal clast size
categories determined during excavation (Table 2). Both reference profiles show a slight
and irregular increase in large clast size with depth. Large boulders are found
sporadically throughout the main excavation area, but are especially common in levels L,
T, BB, LL, and NN (Table 2). Boulder concentrations in levels L and T reflect large-scale
roof failure near the cave entrance, with blocks sliding down the éboulis ramp into the
cave interior. The small portions of levels LL and NN examined to date contain large,
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angular blocks with random orientations, perhaps reflecting major roof collapse events
within the main chamber.
The fine sediment fraction (< 2mm), after removal of organic matter is dominated
by silt, which typically comprises 70-80% of the fine fraction (Figure 8). Almost all
samples have modal and median particle size in the fine to medium silt range (10-25 μm),
poor to very poor sorting (3.5-6.0 μm) and slight negative skewness (0 to -0.3). Depth
trends are subtle, but include increasing clay and decreasing sand content with depth.
Sand, almost entirely fine and very fine, generally comprises <15% of the fine fraction,
except in zone 1 where it is as high as 30%.
Fine Sediment Composition: Loss on Ignition
Carbonates comprise up to one-third, and organic matter up to one-sixth, of the
fine sediment fraction by weight. At reference profile 1, the largest concentration of
carbonates and nearly all of the organic matter occur in zone 1 (Figure 9). Profile 2 is
broadly similar but contains additional carbonates at 3-4 mbd due to its location near the
cave wall. Both profiles show 15-30% carbonate in the cemented level GG, and another
zone of elevated carbonates in the lower part of level JJ. The presence or absence of
carbonates is the most obvious feature of the fine sediment fraction in the laboratory data
and is a major factor in differentiating the 5 stratigraphic facies.
The levels with elevated carbonate (E-F, GG, JJ, MM) appear to belong to several
different types. Levels E and F are associated with Magdalenian hearths and probably
include a large contribution of pyrogenic calcite from wood ash. These levels are friable
to moderately hard, have a chalky/crumbly consistency, and contain abundant charcoal,
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lithics, and crushed bones (Table 2). Layer GG, by contrast, is an extremely hard layer
with few bones, no charcoal, and sparry calcite cementing the large éboulis lasts. Layer
GG forms an extremely hard, gently dipping platform across the center of the cave at the
top of stratigraphic zone 4, which is otherwise broadly similar to zone 3. The other
carbonate-rich levels (lower JJ, MM) exhibit slight to moderate hardness, but have no
visible accumulation of secondary carbonates. The source of carbonates in these beds is
unclear, as presently only a few m2 have been exposed in the deepest part of the
excavation.
Another carbonate and organic matter rich cemented layer (not represented in
reference profiles 1 or 2) marks the top of the sedimentary sequence in the niche area.
This hardpan, assigned to level F, is laterally contiguous with the Magdalenian hearth
that marks the organic matter peak in reference profile 1. After sediment filled the
opening that connects the niche with the main chamber, flowstone covered the walls of
the small room effectively sealing it shut. Radiocarbon ages on charcoal and bone from
the surface of the niche area (units ZZ9-ZZ10) date to the Late Magdalenian, 13.5-14.3
cal ka BP (Table 1). Thus the filling and closure of the niche area occurred during the
same time period that the large Magdalenian hearth was built in the main excavation area.
The combustible organic matter peak in level F represents the intersection of
reference profile 1 with the large Magdalenian hearth investigated by Bicho et al. (2006).
Charcoal and faunal remains are the main organic components recognized during
excavation. Localized pockets of higher organic matter were identified in other parts of
the cave, such as in the niche area where charcoal and bone concentrations occur in a
series of small stacked hearths (15-25% OM in hearth sediment from levels O, R, and T).
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All samples from inside the cave with >6 % organic matter are associated with
anthropogenic combustion features that were easily identified during excavation.
Fine Sediment Composition: Organic Carbon and Nitrogen
The composition of the organic fine sediment fraction is inferred from field
evidence along with stable carbon and nitrogen isotopes, and carbon/nitrogen ratios,
which are commonly used as indicators of organic matter types and sources, such as
terrestrial versus marine organic compounds, vegetation communities such as grassland
versus forest, or trophic position in food webs (O’Leary, 1981; Peterson & Fry, 1987;
Finlay & Kendall, 2007). While bulk organic carbon and nitrogen isotopes from soils and
sediments contain some information on organic matter cycling, a compound-specific
isotope approach would better resolve spatial and temporal patterns associated with
particular biomarkers (Collister et al., 1994; Bi et al., 2005; Gleixner, 2013; Diefendorf &
Freimuth, 2017; Taylor et al., 2017). Here we are limited to bulk analysis of organic δ13C
and δ15N isotope ratios from fine sediment samples collected at reference profiles 1 and
2. These samples integrate organic matter from multiple sources which likely include soil
organic matter from outside the cave, charcoal and other plant matter introduced to the
cave, animal remains including crushed bone and shell fragments derived from faunal or
anthropogenic activities, and microbial or algal activity within the cave environment.
While this analysis is rather coarse-grained, some inferences can be drawn based on
typical δ13C values derived from the ecological literature: soil organic matter under C3
plant communities averages about -25‰ to -30‰ (Peterson & Fry, 1987; Finlay &
Kendall, 2007), charcoal and wood ash -23‰ to -26‰ (Shahack-Gross et al., 2008), bone
and tooth collagen of terrestrial herbivores and carnivores -19‰ to -24‰ (Peterson &
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Fry, 1987; Bocherens et al., 1997). Values of δ15N for soils average +2‰ to +5‰ (Finlay
& Kendall, 2007), while animal bones and tissues demonstrate 15N enrichment 3-5‰
higher than their dietary sources (Peterson & Fry, 1987). Microorganisms tend toward a
narrow range of C:N ratios between 5-12 (Gleixner, 2013) and cause a variety of C and N
fractionation effects, but microbial decomposition in soils and sediments favors a modest
enrichment in both δ13C and δ15N ratios (Peterson & Fry, 1987; Finlay & Kendall, 2007).
Reference profile data from Picareiro show that low C:N ratios (≈ 5), strongly
negative δ13C ratios (-24 to -27‰), and moderate δ15N ratios (+4 to +8) prevail for the
entire sedimentary sequence below level L (Figure 9). We interpret these values as
indicating a fairly uniform source of organic matter over time, mainly derived from soils
outside the cave and modified by microbial activity inside the cave. The carbon isotope
values are consistent with those cited above from the ecological literature as typical
values for C3 vegetation, along with previous cave studies in C3 regions such as Forbes et
al. (2007). The cave sediments exhibit δ13C ratios that are slightly higher than the average
of -27‰ reported by Finlay & Kendall (2007) for soil organic matter, which could reflect
fractionation by microorganisms. A significant microbial component would also favor the
low C:N ratios exhibited throughout most of the Picareiro sequence. Some levels with
elevated δ15N values (+4 to +8‰) occur in zones 2 and 5, despite persistent low values of
organic matter content, C:N ratio, and δ13C Figure 9). Similarly enriched δ15N in the
absence of enriched δ13C have been cited in other cave environments and may be
ascribed to accumulations of animal feces or guano, or in some cases to the activity of
algae or chemautotrophic bacteria (Sarbu et al., 1996; Pohlman et al., 1997; Engel, 2005;
Forbes et al., 2007). Taken together, the carbon and nitrogen data from below zone 1 are
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consistent with a cave ecosystem that has limited sources of organic carbon, and thus low
primary productivity.
In sharp contrast, zone 1 stands out with substantially higher δ13C ratios (-24‰ to
-18‰), δ15N ratios (+7‰ to +9‰), and C:N ratios (10 to 40) than the rest of the
sedimentary sequence (Figure 9). This pattern is likely due to the abundance of small
bone fragments and other organic matter derived from animal remains in the Magdenian
hearths that were excavated in levels E, F, and J (Table 2). Examination of samples from
levels E-F under a hand lens shows a significant amount of crushed and burned bone in
the fine sediment fraction, along with shell, charcoal, wood ash, limestone fragments, and
some quartz sand. This is consistent with observations of Bicho et al. (2006) who
concluded that the hearths were used to crush bones and extract marrow. Organic matter
in these levels undoubtedly comes from a variety of sources, but their carbon and
nitrogen isotope ratios fall within the range reported for bone and tooth collagen by
Bocherens et al. (1997), and the δ13C values are broadly similar to those obtained on
bones analyzed for radiocarbon dating in this study (Table 1). Since C4 plants comprise a
very small proportion of the vegetation in this region (Still et al., 2003), and inorganic
carbonates were removed from the samples prior to analysis, faunal and anthropological
inputs are the most likely explanation for the large δ13C excursion in the upper part of the
sequence at Picareiro. At this scale of bulk analysis, the stable isotope data do not contain
any obvious correlation to fluctuations in paleoclimate, sedimentation rate, or sediment
composition. Instead, with the exception of the Magdalenian hearth levels, these data
demonstrate relative stability of organic matter forms and sources over a very long
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period. Biomarker studies are underway at the site that will further illuminate these topics
in the future.

Fine Sediment Composition: Elemental Geochemistry and Mineralogy
Fine sediments in the reference profiles are mainly aluminosilicates with varying
degrees of calcite enrichment. From most to least abundant, the major oxides present are
SiO2 (depth-averaged abundance = 57.9%), Al2O3 (11.3%), CaO (9.6%), Fe2O3 (3.5%),
K2O (2.6%), P2O5 (1.4%), and TiO2 (0.6%). Other oxides (MgO, Na2O, MnO) amount to
less than 1% in all samples. Depth variations show that zone 1 is dominated by CaO and
low SiO2, in agreement with the high carbonate content determined by LOI. Zones 2-4
are dominated by SiO2 with low CaO, and zone 5 is intermediate between these (Figure
10). SiO2 is positively correlated with most of the common metals and bases (Al, Fe, K,
Mg, Na, Ti), while CaO is inversely correlated with SiO2 and positively correlated with
P, Mn, and Sr. Phosphate (P2O2/TiO2) is elevated in bone-rich levels (F-J, N-T, FF), and
also in level KK where bones are not abundant but where elevated δ15N ratios suggest
another source of organic matter such as guano. The trace element zirconium (Zr/TiO2)
attains a peak in levels L-M, some of which may be aeolian in origin given the common
Zr enrichment in aeolian sediments (McLennan et al., 1993).
Aside from the variable degrees of calcite enrichment, the elemental content of
the fine sediment fraction implies a uniform sediment source through time. The relative
proportions of Si, Al, and Fe in these samples are typical of aluminosilicate clay minerals
derived from limestone weathering and/or aeolian deposition in other cave settings (e.g.,
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Kim et al., 2013; Arriolabengoa et al., 2015). The clay minerals present are almost
certainly kaolinite and illite considering their dominance in nearby soils and in similar
karst settings in Portugal (Rocha & Gomes 1996; Fonseca et al., 2010; Lourenço et al.,
2012). Field observations with a hand lens show that the sand and coarse silt fractions are
composed of mostly quartz and limestone fragments, with trace amounts of heavy
minerals.
Magnetic Susceptibility
MS data published by Ellwood et al. (2001) established a baseline for interpreting
paleoclimate phases from sedimentary sequences in caves across Mediterranean Europe,
including the uppermost part of the sequence at Lapa do Picareiro. They argued that the
MS signal of detrital sediments in caves reflects subaerial weathering processes outside
the cave that form and concentrate of magnetic minerals. These minerals are then
transported in sediments to the cave by aeolian processes, surface runoff, or infiltration
through karst conduits. Quaternary cave sequences can produce fairly robust paleoclimate
proxies from MS records because mineralogical impacts on surface sediments due to
climate change are large and occur rapidly, and because protected cave settings lead to
minimal diagenetic alteration (Elwood et al., 1997; 1998; 2001).
The complete MS data set from Lapa do Picareiro is presented in Figure 11,
including previously published data for samples above 2.5 mbd. MS values fluctuate
rapidly between 1-5 x 10-6 m3 kg-1, comparable to values from nearby Oliveira and
Caldeirão caves in Portugal but an order of magnitude greater than values reported for
other caves in Spain and Albania (Ellwood et al., 2001). The magnetic signal at Picareiro
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is likely produced by hematite and fine-grained goethite and maghemite, which were the
primary magnetic minerals reported for Caldeirão Cave from XRD and Mössbauer
spectroscopy (Ellwood et al., 1998). No significant correlation was detected between MS
and any of the particle size or composition parameters, demonstrating that the MS signal
is mainly determined by mineralogical variations and not simply by enrichment in sand
or secondary carbonates.
Several sharp peaks appear in the MS record (within levels F, L, S, U, Z, CC, FF,
II, JJ, MM), along with some strong negative excursions (levels E, I, T, Y, DD, GG, LL,
NN). The high frequency and large magnitude of fluctuations support the notion of
Pleistocene paleoclimate as a primary control on MS in the cave sequence, as discussed
below. Several of the MS peaks correspond with organic-enriched levels (F, FF, JJ). This
is especially true for the Magdalenian hearth in level F. It is possible that the MS peak in
level F is partly an artifact of the hearth, given that MS has been shown to be enhanced
by burning in some settings (Woodward & Bailey, 2000; Herries, 2006), although not
universally (Woodward et al., 2001). For the Magdalenian deposits at Picareiro, the
organic matter peak of the hearth structure (Figures 9) is much thicker than the MS peak
(Figure 11). Also, the MS peak in level F is no greater than other MS peaks that are not
associated with hearths or charcoal concentrations. Thus combustion features do not
appear to have strongly influenced the MS signal.
Targeted Soil, Rock, and Speleothem Samples
A small number of targeted samples were analyzed to compare various
components of the cave sedimentary system: (i) surface soils outside and above the cave
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(n = 7), (ii) limestone clasts from the sedimentary fill within and immediately outside the
cave (n = 5), (iii) muddy sediment recovered from narrow joints and crevices in the cave
walls (n = 3), and (iv) secondary carbonates in the form of large calcite crystals and the
cemented matrix of breccias in the sedimentary fill (n = 3). Radiocarbon analyses of bone
and charcoal samples also produced 13C data (Table 1) that are included here for
comparison. Select compositional and geochemical properties of these samples are
compared with fine sediment samples from zones 1, 3, and 5 of the reference profiles in
Figure 12.
Surface soils contain concentrations of common oxides that compare favorably
with those from the reference profile samples inside the cave. Samples from the lower
excavation levels (zones 2-5) especially match the surface soils for the building blocks of
aluminosilicate minerals, such as Si, Al, Fe, Mn, Mg, K, and Na. In contrast,
concentrations of CaO are low in surface soils and high in limestone clasts. The high
proportion of CaO (mean = 55%) and low proportion of MgO (mean = 0.5%) in the
analyzed limestone clasts are consistent with description of the Serra de Aire Formation
as high-purity limestone with at least 95% calcite content (Carvalho et al., 2011), which
can contribute to both karst dissolution and precipitation of speleothems. Crevice fills and
secondary carbonates exhibit moderately high CaO concentrations that are broadly
similar to the zone 1 samples from the reference pits. The trace element Sr is also
elevated in limestone clasts relative to cave sediments and surface soils. P2O5 stands out
for having reference profile concentrations that fall well above those of the surface soils,
limestone clasts, crevice fills, and secondary carbonates.
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The particle size characteristics of crevice fill sediment closely resemble the <2
mm fraction of the reference profile samples, with roughly 10-20% sand, 10-15% clay,
median size in the fine-medium silt range (10-20 μm), and poor to very poor sorting
(Figure 12). By comparison, the surface soils are coarser with around 50% sand and
median size in the very fine sand range (60-75 μm). Organic matter is much higher in the
surface soils than in the reference profile samples, with up to 25% organic matter in
surface A horizons (Figure 12). Only the large Magdalenian hearth in level F (zone 1)
approaches this value inside the cave, with up to 16% organic matter. Organic matter in
the crevice fills resembles the reference profile samples from zones 2-5. Stable carbon
and nitrogen isotopes for the surface soils are broadly similar to the reference profile
samples, with the exception of zone 1 which appears to be enriched by animal remains as
discussed above. The crevice fill sediments contain little organic matter, but very strongly
enriched δ15N and strongly depleted δ13C. This pattern requires more sampling and
analysis, but resembles the unusually high δ15N in the absence of high δ13C that was
noted above for sediments in zones 2 and 5, and is perhaps related to microbial activity.
DISCUSSION
Site Formation Processes
The sedimentary fill at Lapa do Picareiro has five main components: éboulis,
boulders, fine sediment, secondary carbonates, and organic matter. Clastic sediments in
the cave are dominated by limestone éboulis, mostly 20-200 mm that comprise between
60-100% of the sediments by volume. Limestone boulders up to several meters long are
concentrated near the entrance to the cave. Void spaces between the limestone clasts are

This article is protected by copyright. All rights reserved.

Author Manuscript

filled with muddy fine sediment, predominantly aluminosilicate minerals although some
deposits contain as much as 10-30% carbonates. Organic matter is a locally-significant
component of the cave fill, mostly restricted to charcoal-rich hearths such as level F and
dense bone clusters such as level T. Certain components that are commonly found in
other cave sequences have not been encountered in Lapa do Picareiro, including exogenic
fluvial deposits, thick guano deposits, or accumulations of collapsed or degraded
speleothem fragments.
Previous sedimentological studies in shallow limestone karst suggest likely modes
of deposition for these various components (Farrand, 2001; Woodward & Goldberg,
2001; White, 2007; Weiner, 2010; Morley & Woodward, 2011; Karkanas & Goldberg,
2016). The apparent intensity of these processes at Lapa do Picareiro is summarized in
Table 3 and discussed below. Éboulis, which makes up the majority of the sedimentary
fill at Picareiro, is primarily derived from mechanical weathering of the cave roof and
walls. Larger clasts and boulders represent episodic roof collapse and retreat of the cave
opening. Small-scale debris flows and rockslides are commonly recognized where
sediment accumulates near a cave opening and gradually moves into the cave. In general,
fine sediment may be introduced into caves by a variety of fluvial, aeolian, or colluvial
pathways, each of which would imply different sediment sources, lag times, and
sedimentological properties. The dominant fine sediment deposition process at Picareiro
appears to be infiltration of weathered soil through bedrock fractures and karst conduits,
an important process that has been previously reported in limestone karst and terra rossa
settings across the Mediterranean (Bar-Yosef, 1993; Woodward, 1997; Farrand, 2001;
Woodward & Bailey, 2000). Secondary carbonates accumulate in caves mainly by
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precipitation of dissolved karst byproducts to form speleothems, or from biotic sources
such as wood ash or guano. Finally, some caves (including Zone 1 of the sequence at
Picareiro) contain significant amounts of organic matter contributed by animal remains,
fecal enrichment, and anthropogenic features such as hearths or waste pits.
Several rock weathering processes were likely active at Lapa do Picareiro during
the Pleistocene, including frost weathering, jointing by pressure release, root wedging,
clay hydration, and corrosion associated with vadose flow and condensation of water
vapor. Although snow and frost were common in the Pleistocene climates of Iberia, the
precise role of frost weathering at Picareiro is difficult to determine because clast size and
shape parameters do not produce conclusive evidence of cryoclastism (Woodward and
Goldberg, 2001). Congelifracts and cavernously corroded clasts – rocks altered by postdepositional weathering that have been used to infer paleotemperature (Turk & Turk,
2010; Skaberne et al., 2015) – are either rare or absent in the interior of Lapa do
Picareiro. Similarly, frost slabs – clasts with thickness less than one-quarter the maximum
width in the scheme of Laville et al. (1980) – are rare in the sections analyzed.
Nevertheless, the evidence for frost action is strong given the angularity and moderately
well-sorted nature of the éboulis beds. Such sediments demonstrate “lithological evidence
of cryoclastism” as defined by Mallol et al. (2012), and are consistent with other
descriptions of éboulis production in caves across Southern and Western Europe (Laville
et al., 1980; Farrand, 2001; Goldberg et al., 2007; Woodward, 2007). The semi-periodic
nature of clast size fluctuations throughout the excavated area also support a climatic
control on éboulis production, with frost action the most likely cause. Boulder
concentrations in a few levels appear to be associated with roof collapse near the cave
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mouth. Earthquakes are a possible contributor to this process given the historical
seismicity in the region (Chester, 2001).
Several lines of evidence suggest that the fine sediment fraction at Picareiro is
derived mostly from weathered terra rossa soil transported by infiltration through joints
and crevices. In some cases this sediment may have been remobilized by small-scale
debris flows after accumulating near the cave entrance. Fine sediments in the cave are
unstratified and poorly sorted, and are broadly similar to surface soils and crevice fills in
terms of color, texture, and geochemistry (Figure 12). Particle size distributions imply
that much of the fine sediment could be derived from flow through crevices and joints
that restrict transport of medium and coarse sand (>200 μm), which is abundant in
surface soils but uncommon in the cave. It therefore appears that the bulk of the fine
sediment fill at Lapa do Picareiro is derived from proximal sources, e.g., the bedrock and
terra rossa soils surrounding the cave. Some of the zone 1 sediments contain appreciable
medium and coarse sand, requiring an additional source of sand that might include slope
wash or human and faunal inputs. No well-sorted or stratified fine sediment (aeolian,
fluvial) beds have been encountered in the cave to date. Given the role of aeolian
enrichment in terra rossa soil formation (Muhs et al., 2010), it is likely that some aeolian
deposits have been introduced to the cave, either by minor direct deposition through the
cave opening or indirectly by infiltration through bedrock crevices.
Breccias cemented by calcite make up a small but significant proportion of the
sedimentary fill at Picareiro. The cemented beds identified in the cave include those that
are indurated by both geogenic calcite (precipitated from vadose waters) and pyrogenic
calcite (derived from wood ash). Strong carbonate enrichment in zone 1 forms the most
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obvious stratigraphic division in the entire cave sequence, distinguishing all the
sediments above level J from all the sediments below. Abundant bone and charcoal
fragments associated with hearths support pyrogenic ash as the major source of calcite in
zone 1. Outside of zone 1, clearly geogenic breccias are present that contain very little
organic matter, including the hardpan of level GG which is cemented by sparry calcite
crystals, and minor flowstone deposits along the cave walls. The uncemented but
carbonate-rich sediments of zone 5 are currently unexplained, but pyrogenic, geogenic,
and biogenic calcite are all possible contributors. Future analysis including
microarchaeological approaches will provide further insight on components of the fine
sediment fraction, as suggested by previous findings by such methods at many cave and
rockshelter sites (Bailey & Woodward, 1997; Macphail & Goldberg, 2000; Courty &
Vallverdu, 2001; Woodward et al., 2001; Kourampas et al., 2009; Karkanas & Goldberg,
2010; Mallol et al., 2010; Weiner, 2010; Morley & Woodward, 2011).
Sedimentation Rates and Chronology
The radiocarbon data and composite deposition model (Table 1, Figure 7) show
fairly continuous sedimentation between 9-45 ka at rates between 0.1-0.3 mm a-1
(roughly 3-10 ka m-1), which are typical for caves in Mediterranean Europe (Farrand,
2001). The average sedimentation rate clearly increased after about 25 ka, with a near
doubling between zones 3-4 (0.14-0.15 mm a-1) and zones 1-2 (0.24-0.26 mm a-1). This
increase in sedimentation rate was roughly coincident with HS2, but accelerated rates
continued through the end of the Pleistocene. Accelerated sedimentation after 25 ka could
reflect enlargement of the cave mouth or enhanced flow through karst conduits. It could
also have resulted from changes in the shape of the cave. Survey data show that the
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depositional surface area inside the cave decreased significantly after 25 ka, as sediment
filled alcoves surrounding the large chamber and eventually began to impinge upon the
sides of the dome-shaped roof. Some of the accelerated sedimentation after 25 ka may be
accounted for by intensive human use of the cave during the Magdalenian, including
accumulation of bone, ash, charcoal, and lithic artifacts in the hearths. Similarly, the
accumulation of very dense bone concentrations associated with both predators and
humans in level T may have contributed to an accelerated pace of sedimentation overall.
Among the most important features of the sedimentary sequence at Lapa do
Picareiro is nearly 2 m of sediment between levels X-JJ dating to the Middle-Upper
Paleolithic transition period, which has been proposed by various authors to date between
45-30 ka in Iberia (Finlayson & Carrion, 2007; Galvan et al., 2014; Higham et al., 2014;
Marin-Arroyo et al., 2018). At present the latest confirmed Middle Paleolithic occupation
is in level JJ, which has several thin horizons of Mousterian artifacts associated with
charcoal and modified faunal remains dated to around 45-47 ka. The earliest Upper
Paleolithic is a chert bladelet industry in levels GG-HH-II from the back of the cave that
reveals a previously unknown Early Aurignacian presence in central Portugal (Haws et
al., 2018). Several overlying levels also contain Early Upper Paleolithic artifacts,
represented by chert flakes and blades (levels BB and DD) and quartz and quartzite flakes
(level FF). Collectively, these Early Upper Paleolithic levels (BB to II) are associated
with radiocarbon ages between 33.7-38.5 cal ka BP (Table 1), aligning well with the
Early Aurignacian starting around the time of HS4 in southern France and northern Spain
(Wood et al., 2014; Straus, 2015; Bataille et al., 2018; Mora et al., 2018). A separate
artifact concentration of uncertain cultural affiliation in level FF of the main excavation
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area includes a flake core, sidescraper, and several undiagnostic flakes (Haws et al.,
2018). It is as yet unclear whether this small assemblage is part of the Early Upper
Paleolithic, or possibly represents an additional Mousterian occupation. Thus the
questions of Neanderthal demise in relation to HS4, and possible overlap between Middle
and Upper Paleolithic industries, are currently unresolved at the site.
The sequence of levels FF-GG-HH-II (35.2-38.5 cal ka BP) appears to correspond
with the prominent discontinuity noted at many Iberian sites around the time of HS4
(Aubry et al., 2011; Mallol et al., 2012; Galvan et al., 2014). We interpret these levels as
representing intense cold and dry conditions during HS4 (large clasts and low MS values
in GG), followed by the return of mild humid conditions with deposition of calcite
cement (mostly in GG), and muddy fine sediment and organic matter (in FF).
Accompanying a sharp rise in MS values between levels GG to FF, increases in organic
matter and phosphorous content suggest a warmer environment with more abundant
fauna following HS4 (Figures 9, 10, 11). The cemented levels GG-II appear to
correspond to a discontinuous flowstone in the uppermost Mousterian layers at nearby
Gruta da Oliveira (Almonda karst network), which radiocarbon and U-series ages suggest
was deposited during HS4 (Angelucci & Zilhão, 2009; Hoffmann et al., 2013). It seems
likely that while some open-air sites and deeper/wetter cave systems experienced erosion
or dissolution during the post-HS4 arid to humid phase, in the relatively shallow epikarst
of Lapa do Picareiro the effect was limited to deposition of calcite cement across the
floor of the cave while sedimentation of muddy éboulis continued.
Overall, this study demonstrates good stratigraphic completeness and integrity for
the sedimentary fill of Lapa do Picareiro. The results show fairly continuous deposition
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through MIS 2-3-4, possibly the longest and most complete cave sequence in Portugal.
The sequence contains no major erosional unconformities or large-scale diagenetic
alteration. Bone, charcoal, and lithic preservation throughout the cave sequence is good.
Bioturbation (by root penetration and animal burrows) is evident in the levels that have
been excavated near the cave opening, but the sections studied in the cave interior appear
to be intact. The cave setting (shallow karst in a ridgetop location) and morphology (a
single large, deep chamber) have combined to provide a favorable environment for longterm accumulation of sediments by mainly colluvial processes and preservation of faunal,
lithic, and other archaeological records.
Paleoclimate Interpretation and Implications
The suitability of cave sediments as paleoenvironmental archives is broadly
dependent on the temporal resolution of the sampled section and the sensitivity of the
depositional system (Woodward & Goldberg, 2001). Given sedimentation rates of 0.090.26 mm a-1 for Lapa do Picareiro (Figure 7), the sampling interval of 10 cm for most of
the reference profile data presented above yields a resolution of roughly 300-1100 years
between consecutive samples. The MS data, sampled at (mostly) 2 cm intervals, have a
finer resolution of about 80-220 years between samples. These values are close to the
threshold necessary to detect high-frequency climate fluctuations of MIS 2-3, such as
Heinrich stadials that had a duration of roughly 200-2000 years (Hemming, 2004). The
sensitivity of parameters reported in this study to climate change appears to be quite
variable. A few parameters, including % gravel, median large clast size, and MS appear
to match the periodicity of rapid climate fluctuations during MIS 2-3-4 (Figure 13). Some
compositional parameters (LOI, C:N ratios, δ13C values, concentrations of Ca and Sr) are
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strongly influenced by the accumulation of calcitic ash and organic matter in hearths
(e.g., Levels E-F) or by secondary carbonate deposition (e.g., Level GG), masking any
systematic climate signal. Other parameters (fine sediment particle size, concentrations of
Fe and Al) show very conservative variations with depth, seeming to reflect stable
sediment sources and pathways over time regardless of climate.
Sedimentary parameters with the most apparent climate sensitivity (MS, large
clast size, % gravel content, and phosphate expressed as % P2O5 / TiO2) are plotted
against age for comparison with regional paleoenvironmental proxies over the period 979 ka (Figure 13). Proxies shown include the NGRIP Greenland ice core record
(Rasmussen et al., 2014), summer sea surface temperature reconstructed from
foraminifera in deep sea sediment core MD95-2040 off central Portugal (Salgueiro et al.,
2010), and semi-desert pollen from core MD95-2042 off southern Portugal (Daniau et al.,
2007). The GICC05 extended time scale used here for the NGRIP record (Svensson et al.,
2008) has been shown to closely match the timing of paleoclimate transitions in proxy
records for Iberia as established in offshore sediment cores (Sanchez-Goñi & Harrison,
2010; Wolff et al., 2010). These and other proxies clearly show that HS episodes were
times of bitterly cold temperature, aridity, and forest die-back in Portugal (Sanchez-Goni
et al., 2008; Fletcher et al., 2010).
The radiocarbon-based age model presented earlier (Figure 7) provides direct age
control for the stratigraphic section above 7.5 mbd (45 ka). The MS record in this section
compares very favorably with paleoclimate proxy records: HS1-4 correlate closely with
prolonged MS minima (levels I-J, T, Y, GG), and nearly all Greenland interstadials (GI)
are represented by sharp MS peaks (Figure 13). The cold/dry Heinrich stadials
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correspond broadly to coarse éboulis beds with little fine sediment (high gravel content)
in one or both of the reference profiles. Each of the Heinrich stadials is followed by
muddy beds with elevated phosphate, which likely reflects increased fine sediment
deposition and faunal activity after the return of humid climate conditions. The
completeness of the MS record suggests that fine sediment deposition in the cave was
fairly continuous, and roughly synchronous with the accumulation of bones and charcoal
that make up the radiocarbon chronology. The coarse sediment fraction, while
demonstrating a periodicity that implies a paleoclimate control, represents paleoclimate
events less faithfully and seems be at least partly out of phase with the ages indicated by
the deposition model. This likely reflects the inherent spatial and temporal discontinuities
associated with weathering and deposition of éboulis clasts. For example, level Y is a
prominent coarse clast bed with a radiocarbon age matching the early part of HS3 (Table
1). Due to within-bed variations, level Y plots as a coarse clast bed during HS3 in
reference profile 2, but it does not appear as a coarse bed in reference profile 1 (Figure
13).
Below the radiocarbon-dated section (> 7.5 mbd), the close match between the
MS signal and paleoclimate record begins to break down. For this section we use a linear
age model (Figure 7, scenario b) based on matching HS6 to a strong MS minimum and
coarse éboulis bed in level LL (Figure 13). This model is based on linear extrapolation
between the radiocarbon dates at 7.5 mbd (~45 ka) and the negative MS excursion
beginning at 9.25 mbd, assigned to HS6 at 63.1 ka (Sanchez-Goñi & Harrison, 2010). In
this scenario, the sedimentation rate for the section below 7.5 mbd was around 0.09 mm
a-1, somewhat lower than the 0.15 mm a-1 rates that prevailed in overlying zones 3-4. A
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lower sedimentation rate in the deeper levels would reduce the resolution of the MS
record and help to explain the poor match between the MS signal and paleoclimate events
below below GI 11 (~45 ka). While HS6 is well-represented in this scenario, the position
of HS5 remains uncertain. This pattern might be related to discrepancies in the timing
and intensity of HS5 in deep sea proxies off central and southern Portugal (sites MD2040 and MD-2042; Sanchez-Goni et al., 2008; Fletcher et al., 2010; Salguiero et al.,
2010). The age at the base of the excavation (10.62 mbd) in the scenario described here is
77.8 ka, slightly older than the MIS 4/5 transition.
CONCLUSION
Lapa do Picareiro offers a rare continuous sedimentary sequence through much of
the Middle and Upper Paleolithic, in a favorable setting for long-term accumulation and
preservation of sediments containing archaeological, faunal, and paleoclimatic records.
The mountain top location and large-chamber morphology of the cave produced a
relatively dry, passive karst environment sensitive to fluctuating climate and weathering
regimes. Radiocarbon evidence establishes that sedimentation rates at the site were fairly
steady (0.1-0.3 mm a-1) throughout much of the Late Pleistocene. The sequence
represents most or all of MIS 2, 3, and 4, including the important Middle to Upper
Paleolithic transition. Deposition inside the cave ended near the beginning of the
Holocene, by which time the cave mouth was nearly filled with sediment. Since no
bedrock floor has yet been uncovered at the base of the excavation, the sedimentary
sequence likely extends beyond the last glacial stage and into the last interglacial
complex (MIS 5).
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Depositional processes in the cave during the Pleistocene were dominated by
accumulation of éboulis clasts and infiltration of fine sediment derived from weathered
terra rossa soils. Sediment properties suggest uniform sediment sources and limited
diagenesis or biotic disturbance of the stratigraphic sequence. The sediments are variably
enriched by accumulation of secondary carbonates from anthropogenic and geogenic
sources. Organic matter in the cave is mostly limited to soil organic matter decomposed
by microbial activity, although bones, teeth, shell, and charcoal are locally concentrated
in hearths or predator dens. Human occupation of the cave was sporadic during the
Pleistocene, which together with continuous sedimentation resulted in clearly-defined
cultural horizons separated by culturally-sterile but often fauna-rich levels. The evidence
recovered to date shows that human use of the cave intensified toward the top of the
Upper Paleolithic, but recently-opened excavation areas are providing a more complete
picture of the late Middle Paleolithic, earliest Upper Paleolithic, and transitional levels. A
strong relationship exists between the MS signal in fine sediment at Picareiro and
paleoclimate proxies over the radiocarbon-dated section from 9-45 ka. This relationship
further illustrates the stratigraphic integrity of the deposits, aids in estimating the ages of
undated deposits older than 45 ka, and offers direct paleoenvironmental context for
ongoing archaeological investigations at the site.
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Figures
Figure 1. Location of Lapa do Picareiro and nearby sites discussed in the text.
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Figure 2. Photographs of the cave and sedimentary fill: (a) aerial view of the opening of
Lapa do Picareiro near the summit of Serra de Aire, view to the southwest; (b) groundlevel view of the cave entrance with exposed bedrock dipslope above the cave opening,
view to the east; (c) view of the cave interior during excavation in 2016; main excavation
area fills the lower half of the photo, niche area is visible in the top center; (d) profile
view of levels T-JJ showing semi-periodic variations in clast size and mud content in the
main excavation area (units E11 and E12); (e) profile view of zone 1 sediments in the
vicinity of reference profile 1, including light-colored ash and charcoal rich sediments in
level E, dark Magdalenian hearth in level F, and large clasts with little fine sediment in
levels I-J; (f) speleothems covering the cave wall in the niche area (unit XX11);
flowstone emerges from a sealed opening in the bedrock, covering and cementing level F
at the surface; hand pick is 35 cm long; (g) crevice in the cave wall exposed by
excavation, with reddish brown mud filling the lower half of the crevice and spilling into
the cave fill at level K (unit ZZ6); width of crevice opening is about 40 cm.
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Figure 3. Generalized cross section of Lapa do Picareiro showing surface topography,
shape of the cave, and area excavated into sedimentary fill.
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Figure 4. Stratigraphic profile of excavated levels D to NN, which were exposed at
different times in stepped profiles along rows 5, 6 and 7. View is to the northeast in the
main excavation area. Also shown are the locations of reference profile samples (dots)
and radiocarbon samples (diamonds) collected from this part of the cave. Reference
profile 1 (RP1, black dots) and reference profile 2 (RP2, white dots) are labeled with the
row from which each section of samples was collected. The large Magdalenian hearth
that dominates the sedimentological properties near the top of the section was excavated
in level F (Bicho et al., 2006).
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Figure 5. Excavation plan for Lapa do Picareiro showing the dimensions of the cave
interior, stratigraphic zones exposed as of 2017, and location of the stepped reference
profiles that were sampled for sedimentological analyses.
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Figure 6. Photographs of artifacts recovered in the excavation of Lapa do Picareiro: (a)
Magdalenian bone tools from the niche area, levels K-L; (b) Magdalenian chert bladelet
cores, levels I-K; (c) Magdalenian chert bladelets, levels I-K; (d) Solutrean eyed bone
needle from the niche area, level T; (e) Solutrean chert bifacial points, levels R-T; (f)
Solutrean or Proto-Solutrean chert blades, levels S-T; (g) Gravettian quartzite core, level
W; (h) Gravettian chert end scraper, level W; (i) Aurignacian bladelets, levels GG-HH-II;
(j) quartz core, level FF; (k) refit of Mousterian discoidal quartzite flake, level JJ.
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Figure 7. Composite deposition model based on radiocarbon ages shown in Table 1.
Squares are plotted at the measured depth below datum (or midpoint of depth range) on Y
axis, and at the midpoint of the ±2σ calibrated age range (represented by whiskers) on X
axis. White squares represent outlier ages not employed in the deposition model. For
stratigraphic context, boxes to the right show the sequence of stratigraphic levels and
zones identified at reference profile 1. Two scenarios (a) and (b), discussed in the text,
are shown for extrapolation of the deposition model to undated levels below zone 4.
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Figure 8. Particle size data for the two reference profiles. Size separates are based on
field estimates of % gravel combined with laser diffraction analysis on the fine-grained
fraction (< 2 mm). Mean large clast size is a measure of the 5 largest clasts visible in each
10 cm depth interval of a 1 m wide section of the profile wall. Sampling locations are
shown in Figure 4 and Figure 5. Notable features of each plot are labeled with
corresponding levels (described in Table 2).
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Figure 9. Composition data for the two reference profiles. Loss on ignition data (organic
matter and carbonates) are given for both reference profile 1 (black circles) and 2 (gray
squares). Carbon/nitrogen ratio and isotope data are for reference profile 1 only. Gray Xs
are replicate samples that were analyzed to demonstrate data reliability. Sampling
locations are shown in Figure 4 and Figure 5. Notable features are labeled with
corresponding levels (Table 2).
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Figure 10. Concentration of major oxides and trace elements for reference profile 1
(black circles) and 2 (gray squares). Concentrations for rare elements are expressed
relative to % TiO2 to remove the dilution effect caused by carbonate enrichment in zone
1. Sampling locations are shown in Figure 4 and Figure 5. Notable features are labeled
with corresponding levels (Table 2).
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Figure 11. Magnetic susceptibility for fine sediment samples collected adjacent to
reference profile 1. Data from 1.2 to 2.3 mbd were published previously by Ellwood et al.
(2001) prior to establishing the current cave datum. Level J (2.35-2.60 mbd) is not
represented due to insufficient fine sediment to collect an MS sample. Sampling locations
are shown in Figure 4 and Figure 5. Notable features are labeled with corresponding
levels (Table 2).
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Figure 12. Comparison of select properties from samples of surface soils outside and
above the cave, fine sediment collected from crevices and joints in the cave wall,
limestone clasts collected from the cave fill, secondary carbonates including calcite
crystals and flowstones, and reference profile samples from stratigraphic zones 1, 3, and
5. Carbon isotope ratios are shown for radiocarbon samples of bone and charcoal (Table
1). Dot and bar represent the mean and range for each sample.
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Figure 13. Comparison of regional climate proxies with selected sediment properties
from Lapa do PicareIro from 9-78 ka. Picareiro data from reference profile 1 are plotted
on the radiocarbon-based age model shown in Fig. 7 (scenario b). NGRIP δ18O data are
plotted as 100-year averages on the GICC05 extended time scale (Svensson et al., 2008;
Wolff et al., 2010). Summer sea surface temperature (SST) and % semi-desert pollen
(Artemesia, Chenopodiaceae, Ephedra) are from sediment cores off the coast of Iberia as
described in Salgueiro et al. (2010) and Daniau et al. (2007). Timing of Heinrich stadials
H1-H5 from Haws (2012), H6 from Sanchez-Goñi & Harrison (2010).
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Table 1. Radiocarbon ages and complementary data from the excavation of Lapa do
Picareiro.
Lab
Number

Sample
Material

Radiocarbon
Age (14C yr BP)

Cal 2σ Range
(cal yr BP) b

δ13C
(‰)

Level

Unit

Depth
(mbd) a

B

I5

0.75

UGAMS-9099

charcoal

8,700 ±30

9,735-9,550

-24.5

B

C5

0.85

UGAMS-9098

charcoal

8,500 ±30

9,535-9,475

-25.0

12,727-12,589

n/a g

9,528-9,014

-25.2

c

C

E12

1.10-1.15

Wk-41388

D

G4

1.15-1.25

Wk-6676 d

charcoal

1.45-1.50

Wk-4217

d

charcoal

10,070 ±80

11,980-11,307

-24.2

Wk-5431

d

charcoal

11,700 ±120

13,764-13,296

-24.7

d

charcoal

11,550 ±120

13,605-13,119

-24.3

charcoal

12,500 ±160

15,228-14,110

-23.1

Wk-4219

d

charcoal

11,780 ±90

13,772-13,442

-24.7

d

charcoal

12,210 ±100

14,607-13,778

-24.3

charcoal

11,760 ±30

13,719-13,467

-25.2

bone

12,260 ±30

14,323-14,028

-20.8

charcoal

11,880 ±80

13,950-13,485

E
E

D6
D6

1.60-1.65

E

D6

1.70-1.75

Wk-4218

F

D8

1.85-1.90

Wk-10434 d

F

D6

1.90-1.95

bone

F

F5

2.15-2.20

Wk-6677

F

ZZ10

2.29

UGAMS-20480

F
J
J
J

ZZ9
D7
D5
D5

2.40
2.40-2.45
2.90-2.95
3.10

Wk-41257
Wk-6678

c

d

Wk-10433

d

charcoal

WK-12129
c

K

F6

2.71

Wk-31354

L

E9

2.82

UGAMS-17664

N

D5

3.32

Wk-16417

e
e

10,720 ±40
8,310 ±130

10,490 ±110

12,678-12,052

-24.3

f

-20.8

bone

12,120 ±70

14,150-13,777

bone

15,040 ±90

18,512-18,006

-20.7

charcoal

15,680 ±40

19,035-18,800

-23.7

bone

16,390 ±110

20,070-19,511

-20.1

charcoal

17,480 ±100

21,450-20,805

-24.4

O

G9

3.00

Beta-247965

O

YY11

3.40

UGAMS-23724

charcoal

16,280 ±40

19,854-19,497

-24.3

O

YY10

3.68

UGAMS-24606

charcoal

17,570 ±50

21,451-21,002

-22.8

R

E6

3.83

Beta-234370

R

E7

3.85

UGAMS-03415

R

B7

4.12

UGAMS-23719
e

S

E6

4.06

Beta-234371

S

B7

4.20

UGAMS-23720
c

e

9,732-9,541

8,670 ±40

charcoal

19,100 ±70

23,335-22,758

-24.3

charcoal

19,090 ±50

23,272-22,772

-25.1

charcoal

19,290 ±80

23,510-22,965

-24.4

charcoal

18,930 ±50

23,001-22,569

-24.4

bone

18,960 ±80

23,069-22,551

-20.3

F8

4.21

Wk-37655

T

YY11

4.46

UGAMS-23725

charcoal

20,320 ±50

24,586-24,177

-25.0

T

B9

4.49

UGAMS-23718

charcoal

20,240 ±50

24,508-24,104

-23.7

T

YY11

4.51

UGAMS-23726

charcoal

20,530 ±50

24,999-24,437

-22.9

T

XX12

4.56

UGAMS-23727

T

E5
E5

4.55-4.60
4.55-4.60

charcoal

19,530 ±50

23,761-23,276

-26.0

Beta-229781

e

bone

20,700 ±100

25,276-24,545

-21.0

Beta-208221

e

charcoal

20,240 ±110

24,615-23,984

-23.6

T

B7

4.66

UGAMS-23721

charcoal

20,710 ±60

25,248-24,615

-22.6

T

E7

4.86

Wk- 37656

charcoal

23,100 ±130

27,641-27,146

-23.8

T

B7

4.88

UGAMS-23722

charcoal

20,630 ±60

25,146-24,530

-23.3
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37.67

3.47

2.97
41.99

3.38

13.70

3.52

43.67

3.22

-25.0

charcoal

T

T

C:N

-24.1
f

f

%C
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U
U
U
V

F6
E6
F6
F6

Beta-234373 e

charcoal

22,560 ±110

27,220-26,525

-23.1

Beta-208222

e

charcoal

22,660 ±240

27,461-26,395

-26.1

5.05

Beta-234374

e

charcoal

22,590 ±110

27,246-26,550

-23.8

5.25

Wk-31353

c, e

bone

25,580 ±170

30,320-29,254

-20.2

44.27

3.31

c, e

bone

26,510 ±270

31,164-30,184

-19.4

42.30

3.20

charcoal

27,230 ±80

31,331-30,996

-24.2

bone

28,430 ±210

33,041-31,633

41.04

3.29

4.88
4.90-4.95

W

F8

5.16

Wk-30539

X

D10

5.16

UGAMS-23723

Y

E9

Z

F7

Z

G6

Z

F6, F7

5.63
5.60-5.65
5.64
5.73

Wk-41389

c

UGAMS-03417

22,190 ±80

27,076-26,167

Wk-32280

bone

29,050 ±220

33,769-32,690

-19.4

43.48

3.24

Wk-30538

c, e

bone

28,160 ±330

32,984-31,307

-19.6

43.50

3.30

c

bone

30,030 ±210

34,512-33,745

-19.4

42.93

3.24

charcoal

32,200 ± 90

36,355-35,800

-24.0

57.04

38,524-36,381

g

E7

5.92

Wk-32281

FF

F9

6.10

UGAMS-20479

FF
FF
FF
GG
JJ

E9
F7
F7
F7
G6
F7

6.25
6.25-6.35
6.40
6.44
6.33
6.90-7.00

-20.3

bone

c

BB
FF

-19.0
f

Wk-41259

charcoal

Beta-247964

e

33,240 ±420

charcoal

28,610 ±300

33,485-31,705

bone

33,000 ±260

38,086-36,355

Wk-32219

c

Wk-28843

e

bone

27,720 ±260

32,291-31,087

Wk-41258

c

bone

32,060 ±340

36,726-35,173

UGAMS-03416
c

JJ

F7

7.44

Wk-28844

JJ

F7

7.50

UGAMS-07769

n/a
f

-22.3
-19.3

f

n/a

-19.0
f

43.02

3.25

38.74

3.44
3.40

g

bone

24,160 ±100

29,369-28,540

-19.6

bone

40,100 ±1200

46,381-42,094

-19.9

39.53

charcoal

41,480 ±220

45,420-44,451

-25.1

55.54

a

Sample depths below datum measured by total station. Depth ranges given for samples collected from
screens.

b

Calibrated in OxCal software using IntCal13 calibration curve (Reimer et al., 2013).

c

Bone samples pretreated with ultrafiltration method (Talamo & Richards, 2011).

d

Radiocarbon ages previously reported in Bicho et al. (2006).

e

Radiocarbon ages previously reported in Haws (2012).

f

Outlier samples not included in deposition model, likely contaminated by carbon from overlying levels.

g

Insufficient sample size for δ13C determination.
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Table 2. Properties of stratigraphic zones and excavation levels as described in Reference
Profile 1. Sampled locations are shown in Figures 4 and 5.

D

Depth
Interval
(mbd)
0.87-1.12

Matrix
Color
(Munsell)
brown
(10YR5/3)

E

1.12-1.86

grayish brown Small to medium clasts in very muddy matrix, Late Magdalenian
(10YR5/2)
friable to slightly hard, abundant charcoal and
bone fragments, chalky appearance.

F

1.86-2.17

dark grayish
brown
(10YR4/2)

Medium to large clasts with little fine
sediment, loose, muddy dark brown lenses
with abundant charcoal and bone fragments.

Late Magdalenian

I

2.17-2.37

Large to very large clasts with very little fine
sediment, loose to friable, few bones.

Late Magdalenian

J

2.37-2.55

Medium to large clasts with very little fine
sediment, loose, few bones.

Late Magdalenian

K

2.55-2.75

light yellowish
brown
(10YR6/4)
yellowish
brown
(10YR5/4)
strong brown
(7.5YR5/6)

Small clasts, friable, few bones.

Early Magdalenian

L

2.75-3.13

strong brown
(7.5YR5/6)

Small to medium clasts in muddy matrix,
friable to slightly hard, few bones and
fragments, few boulders up to 100 cm.

Early Magdalenian

M

3.13-3.19

strong brown
(7.5YR5/6)

Very small clasts in muddy matrix, friable.

None

N

3.19-3.53

strong brown
(7.5YR4/6)

Medium to large clasts, loose to friable,
common medium-large bones and bone
fragments.

None

O

3.53-3.81
3.81-3.93

Medium clasts, friable, common charcoal and
bones.
Medium to large clasts, loose to friable.

Solutrean

P

strong brown
(7.5YR4/6)
brown
(7.5YR4/4)

R

3.93-4.01

brown
(7.5YR5/4)

Small to medium clasts, friable, common
charcoal and small bones.

Solutrean

S

4.01-4.13

light brown
(7.5YR6/4)

Small clasts, friable, common charcoal and
bones.

Solutrean

T

4.13-4.86

strong brown
(7.5YR4/6)

Medium to large clasts, friable, common
boulders up to 80 cm, muddy in lower half
with abundant charcoal and bones.

Solutrean and
Proto-Solutrean

U

4.86-5.02

strong brown
(7.5YR5/6)

Small to medium clasts in muddy matrix,
friable, includes lenses with abundant small
animal bones and bone fragments.

Terminal
Gravettian

V

5.02-5.12

strong brown
(7.5YR5/6)

Medium to large clasts, little fine sediment,
Gravettian
loose to friable, abundant small animal bones.

Zone Level
1

2

3

Sediment
Description a, b, c
Medium clasts in very muddy matrix, friable
to slightly hard, common fine charcoal and
bone fragments, chalky appearance.
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Assemblage d
Epipaleolithic
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4

W

5.12-5.25

strong brown
(7.5YR4/6)

Small to medium clasts in very muddy matrix, Gravettian
friable to slightly hard, abundant small animal
bones and bone fragments.

X

5.25-5.32

strong brown
(7.5YR5/6)

Medium clasts, little fine sediment, friable,
abundant small animal bones.

Gravettian

Y

5.32-5.53

strong brown
(7.5YR5/6)

Medium to large clasts, little fine sediment,
common bones.

None

Z

5.53-5.71

strong brown
(7.5YR5/6)

Medium clasts in muddy matrix, friable,
common bones.

None

BB

5.71-5.96

strong brown
(7.5YR5/6)

Large clasts, friable, common bones, few
boulders up to 60 cm.

Early Upper
Paleolithic

CC

5.96-6.03

strong brown
(7.5YR5/6)

Very small clasts, friable.

None

DD

6.03-6.14

strong brown
(7.5YR4/6)

Medium clasts in very muddy matrix, slightly
to moderately hard.

Early Upper
Paleolithic

EE

6.14-6.27

reddish brown Small clasts in muddy matrix, friable to
(5YR4/4)
slightly hard, common bones.

None

FF

6.27-6.45

Medium clasts, slightly to moderately hard,
abundant charcoal and bones.

Early Upper and/or
Middle Paleolithic

GG

6.45-6.62

dark reddish
brown
(5YR3/4)
strong brown

Large clasts, extremely hard, cemented by
calcite crystals filling voids, common bones
and bone fragments.

Aurignacian

(7.5YR5/6)

strong brown
(7.5YR4/6)
strong brown
(7.5YR5/6)

Medium clasts in muddy matrix, slightly hard, Aurignacian
common bones.
Medium to large clasts in muddy matrix, very Aurignacian
hard, calcite cement filling voids.

HH

6.62-6.76

II

6.76-6.87

JJ

6.87-7.73

reddish brown Medium to large clasts in muddy matrix,
(5YR4/4)
slightly hard, common bones; up to 20 cm
thick lenses of dark reddish brown fine
sediment with dispersed charcoal.

Mousterian

7.73-8.35

reddish brown Medium clasts in very muddy matrix, slightly
(5YR4/4)
hard, lenses of dark reddish brown fine
sediment with dispersed charcoal and large
animal bones.

Mousterian

KK

8.35-8.64

yellowish red
(5YR5/8)

Medium to large clasts, slightly to moderately None e
hard, few bones.

LL

8.64-9.15

MM

9.15-9.98

reddish brown
(5YR4/4)
reddish brown
(5YR5/4)

Large clasts, slightly hard, concentration of
angular boulders up to 60 cm in lower part.
Medium to large clasts in muddy matrix,
moderately hard, few small animal bones.

NN

9.98-10.62

(upper)

5

JJ
(lower)

reddish brown Very large clasts and boulders up to 70 cm in
(5YR5/4)
muddy matrix, slightly hard, few bones.
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a

Clast size descriptors (modal class of long axis): v. small = less than 15 mm; small = 15-30 mm; medium = 30-50
mm; large = 50-75 mm; v. large = greater than 75 mm.
b

Fine sediment content descriptors (sediment < 2 mm, % by volume): very little fine sediment = less than 3%; little
fine sediment = less than 10%; muddy matrix = 20-30%; very muddy matrix = 30-40%.
c

Hardness descriptors: L = loose = no resistance to excavation; FR = friable = little resistance to excavation by trowel;
SH = slightly hard = moderate resistance to excavation by trowel, MH = moderately hard = moderate resistance to
excavation by hand pick, VH = very hard = strong resistance to excavation by hand pick; EH = extremely hard = large
pick, chisel or sledge required to excavate.
d

Cultural attribution given for levels with diagnostic artifacts (except Z, BB, DD which contain lithics of uncertain
affiliation).
e

Only 2 m2 have been excavated to levels KK-NN; no artifacts have yet been recovered from these levels.

Table 3. Summary of depositional processes responsible for site formation at Lapa do
Picareiro.
Sediment
Fraction

Depositional
Process

Evidence

Apparent
Intensity

Coarse Clastic

Roof collapse

Large blocks near cave entrance

Moderate

(boulders,
éboulis, lithics)

Spalling

Éboulis-dominated sediment throughout cave

Strong

Faunal input

Gastrolith pebbles in some fauna-rich beds

Minor

Human input

Lithic artifacts in occupation levels

Minor

Infiltration

Poorly sorted matrix filling spaces between clasts

Strong

Debris flows

Floating/imbricated clasts in poorly sorted matrix

Moderate

In-situ weathering

Corroded clasts, small limestone fragments

Minor or None

Aeolian

Lack of well-sorted, finely-stratified fine sediments

None

Fluviokarst

Lack of sorted, stratified, or rounded sediments

None

Faunal/human

Elevated sand content in zone 1 (?)

Minor

Karst precipitation

Speleothems on cave walls; Level GG flowstone

Minor to Moderate

Reworked ash/bone

Elevated carbonates with charcoal/bone in hearths

Minor to Moderate

Reworked guano

Elevated phosphate below Level JJ (?)

Minor or None

Anthropogenic
iFaunal
t remains

Charcoal, bone, shell in hearths

Minor to Strong

Bone-rich predator occupation levels

Minor to Strong

Burrowing/nesting

Krotovina near cave entrance and along walls

Minor

Fecal inputs

15

Moderate

Fine Clastic
(sand, silt, clay)

Chemical
Precipitates
(carbonates,
phosphates)

Organic
(detrital)

N enrichment in organic matter
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